Objectives: The purpose of this study was to evaluate the impact of ultralow radiation dose single-energy computed tomographic (CT) acquisitions with Sn prefiltration and third-generation iterative reconstruction on density-based quantitative measures of growing interest in phenotyping pulmonary disease. Materials and Methods: The effects of both decreasing dose and different body habitus on the accuracy of the mean CT attenuation measurements and the level of image noise (SD) were evaluated using the COPDGene 2 test object, containing 8 different materials of interest ranging from air to acrylic and including various density foams. A third-generation dual-source multidetector CT scanner (Siemens SOMATOM FORCE; Siemens Healthcare AG, Erlangen, Germany) running advanced modeled iterative reconstruction (ADMIRE) software (Siemens Healthcare AG) was used.
T
he new third-generation dual-source computed tomographic (CT) scanners and third-generation iterative reconstruction software enable substantial reductions in radiation dose to the patient. 1 This is of great importance to the medical imaging community because the recent increase in the use of x-ray CT has greatly increased the amount of ionizing radiation received by populations in the United States and other countries around the world. 2, 3 The recently published National Lung Cancer Screening Trial study showed a 20% decrease in mortality from lung cancer with the use of screening CT scans of the thorax in patients at high risk for lung cancer. [4] [5] [6] [7] The use of CT for lung cancer screening will further increase the number of x-ray CT studies performed on the thorax. Reducing the CT radiation dose to the thorax would be of great benefit to patients enrolled in lung cancer screening programs. Computed tomography is also increasingly being used to establish quantitative phenotypes to subtype lung diseases such as COPD and asthma, [8] [9] [10] [11] [12] [13] [14] [15] and reducing the CT dose in these CT studies would also be beneficial.
The medical imaging community has been trying to reduce the amount of ionizing radiation to the general population using a number of approaches. These include using medical imaging studies only when they are known to be beneficial to the patient, substituting nonionizing radiation studies such as ultrasound and magnetic resonance imaging for x-ray CT studies whenever possible, lowering the radiation dose of both radiographic and x-ray CT studies as much as possible while still maintaining adequate image quality and image noise levels, and, finally, encouraging CT manufacturers to pursue advanced technological solutions for reducing the radiation exposures necessary to provide diagnostic images of the thorax and other body parts.
It is very important for quantitative CT scanning of the lung to maintain the accuracy of the CT attenuation values with acceptable levels of image noise. This is accomplished using carefully designed CT protocols. 16 It is also important to monitor the performance of CT scanners that are used for obtaining quantitative measurements over time. This is typically achieved using CT test objects (CT phantoms) that are made up of nonbiologic materials that simulate different in vivo tissue CT densities such as soft tissue, water, lung tissue, and air. The COPDGene 1 test object in the COPDGene phase 1 multicenter National Institutes of Health study is one of the commonly used CT test objects that is used for CT quality control. 17 This CT test object has been used in a number of National Institutes of Health and privately sponsored multicenter lung research studies that use quantitative CT to phenotype lung disease including COPDGene, multi-ethnic study of atherosclerosis, severe asthma research program, and subpopulations and intermediate outcome measures in COPD study. We have recently described 18 the effects of reducing dose on CT attenuation values in the COPDGene 2 test object using a second-generation dual-source CT scanner, SOMATOM Definition FLASH, and second-generation iterative reconstruction software, SAFIRE. 19 In that study, we showed that the COPDGene 2 test object can be used to assess the effects of decreasing dose on the mean attenuation values of the 8 materials in the COPDGene 2 test object using weighted filtered backprojection (WFBP) and using the SAFIRE iterative reconstruction method.
In this study, we have sought to evaluate the quantitative stability of measures derived from the COPDGene 2 test object while lowering imaging to ultralow doses, taking advantage of advances in thirdgeneration dual-source CT technologies including third-generation iterative reconstruction methods.
MATERIALS AND METHODS

Multidetector Computed Tomography Scanner
Scans were performed for 2 days using Siemens SOMATOM FORCE, third-generation dual-source CT scanners located at the Siemens CT manufacturing facility in Forchheim, Germany. The SOMATOM FORCE includes the new Vectron x-ray tubes and Stellar Infinity detectors. The Vectron x-ray tube is a new x-ray tube design that has a very large anode and can accommodate very short exposure times with large anode heat loading. It has high output at 70 kV(p) and 1300 mA, which is 2.9 times the milliampere available at 70 kV(p) for the STRATON tube used on the previous Siemens second-generation dual-source CT scanner, the SOMATOM Definition FLASH. The high milliampere output at the low-kilovolt (peak) setting enables lower doses on large patients compared with the STRATON x-ray tube. The use of an additional 0.6 mm of Sn prefiltration with the new Vectron x-ray tube hardens the x-ray spectrum eliminating lower energy photons that typically are completely absorbed by the patient's body and do not contribute to image formation in noncontrast CT studies of the thorax. 1 The new Stellar Infinity detector incorporates the advantages of integrated circuit design in the original Stellar detector while increasing spatial resolution because of a 25% increase in the number of detector channels and the addition of a 2-dimensional antiscatter grid. In this study, we used the 100-kV(p) spectrum with additional spectral shaping by using 0.6 mm of Sn x-ray beam prefiltration with a mean energy of 79 keV. The Siemens SOMATOM FORCE was only used in the singleenergy mode for this study. The dual-energy mode was not evaluated.
Iterative Reconstruction
The 2 main limitations of WFBP are the mathematical nonexactness of the inverse measurement process, which can result in image artifacts (eg, cone beam artefacts), and the handling of the statistical data properties, which are completely ignored.
It is well known from the literature that a theoretical formulation of the problem in the form of a likelihood equation can be derived. This equation describes the relation of image data and measured raw data, taking into account the geometric properties (system model) and its statistical properties (statistical model). The solution of this equation can be derived practically using an iterative approach by means of gradient descent usually referred to as iterative reconstruction. An implementation of this approach by repeated forward and back projection of raw data and image data in combination with statistical modeling and regularization can be found in commercially available statistical iterative reconstruction solutions. 20, 21 The advanced modeled iterative reconstruction (ADMIRE) is built upon these principles, with substantial modifications to enable routine capabilities and improved image quality. The statistical modeling is done in raw data domain, whereas the regularization is extended from the simple localized smoothness constrained toward a more sophisticated localized signal-to-noise analysis on an anatomically relevant length scale. Parameters of the model are set depending on the selected reconstruction algorithm (kernel) that is assigned to clinical applications. The repeated comparison of forward projected pseudoraw data with the measured data for the purpose of removing geometric imperfections (eg, cone beam artifacts) used a special filter with a dedicated weighting in frequency domain, which results in an effective iteration speed that is substantially higher.
The scanner was running a prerelease software version that included standard weighted filtered back projection (WFBP) and the ADMIRE both using a Qr36 reconstruction kernel.
Test Object
The test object (phantom) that was used for this study was the COPDGene 2 test object (Fig. 1) . The COPDGene 2 test object is an improved version of the COPDGene 1 test object. 17 The COPDGene 2 test object was manufactured to specifications that were provided to the Phantom Laboratories, Salem, NY. The specifications for improvement of the original COPDGene 1 test object were developed by the COPDGene Imaging Committee and also the National Institute of Standards (NIST) in Gaithersburg, MD. The new features of the COPDGene 2 test object compared with the COPDGene 1 test object include the addition of three 3-cm cylinders of NIST manufactured foams. The 3 NIST foams are referred to as 4-, 12-, and 20-lb foams. These materials are used to generate different CT density references from −937 Hounsfield unit (HU) (4-lb foam), −824 HU (12-lb foam), and −703 HU (20-lb foam), respectively (Fig. 1) .
The COPDGene 2 tests object preserves the 12 internal air holes and 6 embedded polycarbonate tubes from the COPDGene 1 test object. The tubes serve in the same capacity as in the COPDGene 1 test object, which is to simulate different airways sizes. Two of the 
Test Object CT Scan Protocol
The COPDGene 2 test object was secured to the CT table such that the long axis of the test object was parallel to the CT gantry along the x-y plane of the detector, thus consistent with orientation of routine patient scanning. The table position was adjusted to place the test object in the isocenter of the imaging field of view. The CT scan protocol used a scan collimation of 0.6 mm Â 192 slices, 0.75-mm slice thickness with 0.5-mm increment, a pitch of 1.0, 0.5-second rotation time, and 100 kV(p) with tin (Sn) filtration. Without moving the test object with a given outer ring configuration between runs, the object was scanned at 5 different effective milliampere-second values (459, 230, 101, and 47 mAs), corresponding to 4 different x-ray exposures (1.5, 0.75, 0.33, and 0.15 mGy). Effective milliampere-second is defined as tube current (milliampere) multiplied by rotation time(s) divided by pitch. Using a 30-cm length to represent an average adult human thorax, the corresponding effective dose range would be 0.63 mSv to 0.06 mSv. For iterative reconstruction, we selected ADMIRE strength of 5 to get the highest amount of noise reduction possible. The data for the study included 3 scans of all 8 materials using each of the outer rings and dose levels, reconstructed with both WFBP and ADMIRE.
Test Object CT Image Segmentation and Analysis
The regions of interest (ROI) used to determine the mean and standard deviation for each material in the test object were extracted using purpose-built segmentation software that made use of threshholding, followed by connected component analysis. The segmented regions were eroded by 4 pixels around the outer edge to eliminate the partial volume effect at the boundary in the x-y plane. The segmented depth (z axis) was 20 mm and was positioned symmetrically around the geometric center of the test object. The number of the voxels in the sampled ROI varied between materials because the size of the lung foam was much larger than the other 7 materials in the test object.
Statistical Methods
A Welch t test was used to assess differences between the mean values for a given material, ring size, and dose level when using WFBP or ADMIRE compared with the chosen reference value, which was the 1.5-mGy WFBP image for a given material.
To study the relative effects of ring size, dose level, and material composition on the measured mean values in HU, a multivariable covariance method using the F test to test significance of the following design was used: y mean ∼ r 0 þ r 1 x material þ r 2 x ring þ r 3 x reconstruction þ r 4 x dose; weights
To study the relative effects of ring size, dose level, and material composition on the measured standard deviation of the mean values, the 
All statistical analyses were conducted in R. A significant statistical difference was assumed if P < 0.05. Table 1 and Table 2 summarize the measured mean attenuation values (mean and SD of 3 repeat scans) of the 8 materials contained in the COPDGene 2 test object using ring A at dose levels of 1.5, 0.75, 0.33, and 0.15 mGy using either ADMIRE (Table 1) or WFBP ( Table 2 ). At 1.5 mGy and 0.75 mGy, there was no significance between the measured attenuation values compared with the predetermined reference value, which was the WFBP CT attenuation value at the highest dose level, 1.5 mGy, for each material except for outside air with WFBP. At the lowest dose level of 0.15 mGy, there were no significant differences between the measured values and the reference values for acrylic, water, and 20-lb foam for both ADMIRE and WFBP. There were significant differences with ADMIRE for 12-lb foam, lung foam, 4-lb foam, inside air, and outside air compared with the corresponding reference value for each material using WFBP at a dose of 1.5 mGy. There were significant differences with WFBP for lung foam, 4-lb foam, inside air, and outside air (P < 0.05), compared with the corresponding reference value of each material using WFBP and a dose of 1.5 mGy. Table 3 and Table 4 summarize the measured mean attenuation values of the 8 materials contained in the COPDGene 2 test object using ring B at dose levels of 1.5, 0.75, 0.33, and 0.15 mGy using either ADMIRE (Table 3) or WFBP (Table 4 ). At 1.5 mGy, there was no significant difference between the measured attenuation values compared with the predetermined reference value, which was the WFBP CT attenuation value at the highest dose level of 1.5 mGy, for each material except for inside and outside air. At the lowest dose level of 0.15 mGy, there was again no significant difference between the measured values and the reference value for acrylic and water using either ADMIRE or WFBP. There were significant differences with ADMIRE for 20-lb foam, 12-lb foam, lung foam, 4-lb foam, and inside air (P < 0.05). There were significant differences with WFBP for 20-lb foam, 12-lb foam, lung foam, 4-lb foam, inside air, and outside air (P < 0.05).
RESULTS
CT Attenuation Values for Each Material
Multivariable covariant analysis of the mean CT attenuation values (Tables 1-4) show a significant difference with decreasing dose levels between WFBP and ADMIRE. There was a strong effect on the mean CT attenuation values of the scanned materials for ring size (P < 0.0001) and dose level (P < 0.0001). The number of voxels in the ROI for the particular material studied did not demonstrate a significant effect (P > 0.05).
CT Image Noise (SD)
Image noise (SD within the ROI measurement for each material) increased with a decreasing dose for both WFBP and ADMIRE for all materials studied and for both ring sizes (Figs. 2 and 3) . As expected, the noise levels were greater with ring B compared with ring A for all materials using either ADMIRE or WFBP. The ADMIRE had lower noise levels than did WFBP for all materials at all dose levels (Figs. 2 and 3) . Multivariable regression analysis of the SD of the ROI for each material at each dose level and for both rings sizes showed a strong effect with different ring size (P < 0.0001), dose level (P < 0.0001), and reconstruction method (P < 0.0001). The number of voxels in the ROI for 
DISCUSSION
Using the COPDGene 2 test object, we have shown in this study that the new third-generation dual-source CT scanner and thirdgeneration iterative reconstruction software enable large reductions in radiation dose while preserving the accuracy of the CT attenuation values compared with WFBP, at comparable dose levels, contained in the COPDGene 2 test object. The new FORCE CT scanner provides acceptable measures of material CT attenuation values at 0.33-mGy exposure. Assuming a 30-cm-length chest dose length product this corresponds to an effective dose of 0.14 mSv, using a chest conversion factor of 0.014. This is equivalent to a standard posterior to anterior and lateral chest radiograph. Using the 0.33-mGy exposure level, the FORCE CT also provides acceptable image noise levels for quantitative metrics of the materials contained in the COPDGene 2 test object. For ring A, representing a chest attenuation equivalent to a patient with a normal body mass index (BMI), quantitative accuracy (1-to 5-HU shift depending on the material) with WFBP is maintained down to an exposure of 0.33 mGy. With ADMIRE, quantitative accuracy (1-to 3-HU shift depending on the material) is maintained down to an exposure of 0.15 mGy, half of the dose from a standard posterior to anterior and lateral chest radiograph. For ring B, representing an x-ray attenuation equivalent to a patient with a very large BMI, quantitative accuracy of 3 to 14 HU, depending on the material, is maintained with WFBP down to an exposure of 0.33 mGy. With ADMIRE, a quantitative accuracy of 0.5 to 11 HU, depending on the material, is maintained down to an exposure of 0.15 mGy. Larger deviations typically occur with lowerdensity materials (4-lb foam, inside and outside air) and smaller deviations in higher-density materials (acrylic and water).
Our study indicates that the marked reduction in radiation dose is achievable on a third-generation dual-source CT scanner with acceptable image noise, as previously reported for qualitative lung nodule CT studies, 1 while maintaining quantitatively accurate CT lung metrics. This has the potential to greatly reduce the radiation dose to research subjects and patients needing quantitative CT assessment of their lung tissue. Using ring A that is comparable with a subject with a normal BMI, we demonstrate that both WFBP and ADMIRE maintain the accuracy of measures for the full range of material densities down to a dose of 0.15 mGy. Using ring B that is comparable with subjects with a high BMI, ADMIRE can model more accurately the CT attenuation values of the lower-density materials particularly at the lower doses in large subjects than WFBP can and would be the preferred method between the 2 reconstruction processes for studies of the lung in larger patients when using very low-dose CT protocols on the SOMATOM FORCE CT scanner.
The SOMATOM FORCE with ADMIRE greatly reduces image noise and provides accurate attenuation values for a broad range of materials densities. The technical issues that were addressed in this new generation of dual-source CT scanners to make this possible included solving the inaccuracy of the low-density CT attenuation measurements that were a result of processing and reconstructing the image data using 12-bit data (4096 HU values) resulting in the clipping of HU values below −1024 HU. As we lower the dose, the amount of noise increases and the lower tail of the Gaussian distribution of HU values is clipped in low-density regions, resulting in an upward shift in regional mean density values. The new Stellar Infinity detector, along with a new preprocessing pipeline on the SOMATOM FORCE, solves this issue, in part, by incorporating a 16-bit sinogram reconstruction before interpolating back to the typical 12-bit data (−1024 HU to 3071 HU).
In conclusion, the results of our study indicate that satisfactory quantitative thoracic CT examinations can be performed on thirdgeneration dual-source CT scanners using third-generation iterative reconstruction methods at a dose comparable with that of a 2-view digital projection chest radiograph. There is a significant difference in mean CT attenuation values with ADMIRE compared with WFBP in lowerdensity materials at lower doses. The ADMIRE values are less shifted than the WFBP values when compared with the reference value used in this study. There are significant decreases in image noise with ADMIRE compared with WFBP at the same dose levels. There is some shift in the mean attenuation values especially for lower-density materials at the lower-dose levels particularly with larger body habitus when WFBPs are used at reduced doses compared with the highest dose studied. This effect is successfully compensated (down to 0.15 mGy) when using ADMIRE. Data from ring A suggest that quantitatively accurate reconstructions in low-density structures can be achieved in populations with normal BMI at all dose levels studied.
